The recent finding that radio frequency plasma activation of CH 4 /PH 3 gas mixtures can yield films with P : C ratios ≤ 3 has served to trigger further research into new 'phosphorus carbide' materials. Theoretical and experimental results relating to periodic and amorphous materials, respectively, are presented here: (i) The electronic structure and stability of different crystalline phosphorus carbide P x C y phases have been studied using first-principles densityfunctional theory. Calculations have been carried out for P 4 C 3ϩ8n (n = 0-4), PC, and PC 3 and the most likely periodic structures examined in detail. Particular attention is paid to the composition PC 3 , for which there are several possibilities of similar energy. (ii) Recent experimental efforts have involved use of pulsed laser ablation methods to produce hydrogen-free phosphorus carbide thin films. Mechanically hard, electrically conducting diamond like carbon films containing 0-∼26 at.% P have been deposited on both Si and quartz substrates by 193 nm PLA of graphite/phosphorus targets (containing varying percentages of phosphorus), at a range of substrate temperatures (T sub = 298-700 K), in vacuum, and analysed via laser Raman and X-ray photoelectron spectroscopy.
Introduction
Binary nitrides have been the subject of major research efforts in recent years. Carbon nitride (C 3 N 4 ), in particular, has attracted much attention, as a result of theoretical predictions 1 that it should possess a hardness comparable to diamond, combined with high toughness, and excellent tribological, chemical and electrical properties. Disappointingly, synthesis of crystalline carbon nitride has proved to be far from straightforward and so far only small amounts of crystalline material have been prepared. 2 The products of most physical processes used for carbon nitride deposition, such as pulsed laser ablation (PLA), 3 cathodic arc deposition 4 and chemical vapour deposition (CVD), 5 have been amorphous films containing low (1-10%) percentages of nitrogen. Thus nitrogen incorporation into the carbon lattice appears to be very difficult, although exciting synthetic routes towards graphite-like C 3 N 4 materials have been recently developed.
6,7
Given the current experimental impasse in the production of either crystalline or amorphous carbon nitride with high nitrogen content, it is of interest to turn to possible phosphorus analogues. In contrast to the nitrogen case, amorphous thin films with a wide range of P : C compositions up to a molar ratio of 3 : 1 have been produced via capacitively-coupled radio frequency (RF) plasma deposition from PH 3 /CH 4 gas mixtures. 8 These films also contain an amount of hydrogen (∼10%), from the gas mixture, and are readily oxidised, as revealed by secondary ions mass spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS). UV-VIS spectroscopy reveals an absorption threshold at ∼2.7 eV for films with small P : C ratios, which shifts progressively to ∼2 eV as the phosphorus content increases to a P : C ratio of ∼3 : 1.
These developments have prompted a number of experimental and theoretical studies of phosphorus carbide thin films. In this paper we discuss ab initio studies of some crystalline phosphorus carbides 9,10 including P 4 C 3ϩ8n (n = 0-4), PC and PC 3 , with emphasis on the last of these stoichiometries, and compare the predicted structures for each compound. We also report recent experimental studies that focus † Based on the presentation given at Dalton Discussion No. 7, 5-7th July 2004, University of St Andrews, UK. ‡ Electronic supplementary information (ESI) available: Space group information and optimised basis atom positions for hypothetical structures (A)-(H) for PC 3 . See http://www.rsc.org/suppdata/dt/b4/b402740j/ on production of hydrogen-free phosphorus carbide films via PLA methods, and the subsequent characterisation of these films.
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Theoretical
Computational details
Most calculations were carried out using periodic densityfunctional theory (DFT) and plane waves in the generalized gradient approximation (GGA) with the Perdew-Wang exchange correlation functional, 12 as implemented in the CASTEP code. 13 The ultra-soft Vanderbilt pseudo-potentials 14 were used together with an energy cut-off for the plane waves of 310 eV. Checks were carried out to ensure that all results were well converged with respect to the real space grid, Brillouin zone sampling and basis set size. In the final stages of the optimisation all symmetry constraints were removed. In our previous work 9, 10 on P 4 C 3 and P 4 C 3ϩ8n all calculations were also repeated using periodic numerical atomic orbitals DFT as implemented in the SIESTA code 15 and using the exchangecorrelation functional of Perdew, Burke and Ernzerhof. 16 We noted no substantial differences between the results of the two methods and so here we concentrate on plane-wave calculations.
Results
Using periodic density functional theory, we have previously examined possible crystalline structures with stoichiometries P 4 C 3 , 9 P 4 C 11 , P 4 C 19 , P 4 C 27 and P 4 C 35 10 and have presented
17,18
preliminary results for PC. Throughout we have been guided in our choices both of composition and of initial choice of structures by those proposed for the corresponding nitrogen analogues.
1,19,20
In this section we extend these studies and, in particular, examine composition PC 3 in detail, comparing calculated periodic structures with that suggested 21 for C 3 N. The lowest energy structure for P 4 C 3 is the diamond-like 'pseudo-cubic' defect zinc blende, as shown in Fig. 1 . Every P atom is bonded to three C atoms and every carbon to four P atoms. In general, structures low in energy for C 3 N 4 are high in energy for P 4 C 3 , consistent with the molecular chemistries of N and P where it is well established 22 that phosphorus exhibits a much more marked preference than nitrogen for pyramidal coordination and thus for single rather than multiple bond formation. For C 3 N 4 , the cubic, α-and β-C 3 N 4 structures are each more stable than the pseudo-cubic. This reversal of stability is linked to differences in the CPC (CNC) bond angles between the different structures. These angles are all considerably larger (typically between 110 and 115Њ) in the α-, β-, and cubic phases than those in the pseudo-cubic, all of which are ≈104Њ and so closer to the CPC bond angle of 99Њ adopted in, for example, P(CH 3 ) 3 .
For compositions P 4 C 3ϩ8n (n > 0) defect graphitic phases are lowest in energy. 10 An example is shown for P 4 C 11 in Fig. 2 . It is tempting to link the enhanced stability of these graphitic structures (relative to P 4 C 3 ) directly to the larger carbon content. P-C bonds are significantly weaker than C-C bonds and the graphitic forms of P 4 C 11 have an appreciably higher ratio of C-C : P-C bonds than does the pseudo-cubic. In addition there Fig. 1 Crystal structure of the pseudo-cubic phase of P 4 C 3 . Grey and purple spheres denote C and P atoms, respectively. The dashed blue line indicates the unit cell. is also an appreciable mismatch between the lattice parameters of diamond and that of pseudo-cubic P 4 C 3 , suggesting a mismatch-induced stress in diamond-like P 4 C 11 . This mismatch is less important for the lower-dimensional graphitic structures. The lowest energy graphitic structure illustrated in Fig. 2 retains a chain of C 6 rings; in contrast to other possible structures, 10 some carbons are bonded to three phosphorus atoms. It is also worth noting that the layers in these structures show considerable distortion from 'ideal', planar graphitic structures and there are some short interlayer P-P interactions (≈2.4 Å).
For PC one of the most stable crystalline structure contains layers with the bonding motif shown in Fig. 3 ; individual layers are linked to form bilayers by C-C bonds. The optimised structure (Fig. 4) is that adopted by GaSe, 17 as found also by Zheng et al. 23 Table 1 lists calculated properties of the lowest energy structures for P 4 C 3 and PC. In both, carbon and phosphorus atoms are four-and three-fold coordinate, respectively. Also present in both is an sp 3 -bonded network, three-dimensional for P 4 C 3 , but two-dimensional for PC. The CPC angle in the GaSe structure adopted by PC is ≈101Њ, which is close to the bond angle for tetrahedral coordination preferred by phosphorus. While there are C-C bonds in the GaSe PC structure, there are none in pseudo-cubic P 4 C 3 . Whereas the predicted lowest energy structure for P 4 C 3 is quite different from that for C 3 N 4 , those for CN 20 and PC are the same. Calculated bulk moduli of the P 4 C 3 and PC structures are 156 and 64 GPa, respectively, indicating, not unexpectedly, that the layered, graphitic-like PC structure is less hard than the 3-D pseudo-cubic P 4 C 3 structure. We start our hunt for possible PC 3 structures keeping in mind that PC 3 units can be formed from P 2 C 2 (PC × 2) by replacing one phosphorus with a carbon atom. The lowest energy structure we have found is based on the motif (I) shown in Fig. 5 , and so is very different from that predicted for PC. It is graphiticlike with an orthorhombic unit cell (space group Pmm2 1 ) and retains the C 6 ring also present in the lowest energy form of P 4 C 11 . In contrast to all the structures examined so far, the phosphorus atoms in (I) are formally hypervalent; the P atoms are four-coordinate to three carbons and one phosphorus atom, and there are P-P bonds between the layers. A 3D-network is formed with P-P bonds (2.28 Å) between all layers, as is clear from Fig. 6 (A). This structure is quite different from the flat N-substituted graphite structure predicted for C 3 N by Sandré et al. 21 The hypervalent P atoms adopt an approximately tetrahedral geometry and so the individual planes deviate substantially from planarity, as is also evident in Fig. 6(A) . Table 2 collects together the optimised lattice parameters and corresponding energies for this and all the other structures we have considered for PC 3 . The supplementary information ‡ lists the space groups and the corresponding positions of the atoms in the asymmetric unit. The lowest energy PC 3 structure is thus substantially different from that for the GaSe structure predicted for PC. A possible structure for PC 3 , which, unlike (A), is related to GaSe, comprises layers of stoichiometry PC with the bonding motif shown in Fig. 3 as well as layers comprised only of sp 3 -bonded carbon in chair conformations. The unit cell contains four layers (PC, C, C, PC), with the pure carbon layers adjacent to each other. Carbon and phosphorus atoms are four-and threefold coordinate, respectively. The optimised structure (B) is the third lowest in energy of those we have examined and is shown in Fig. 6 (B). This is also the most dense of all the structures we have examined and, unlike the GaSe structure itself, contains a three-dimensional sp 3 -bonded network. The second-lowest structure, close in energy to (A), is one member of a further subset of graphitic structures, similar to (A) but with different arrangements of the C and P atoms within each layer and without the C 6 rings that are present in (A). In all members of this subset there is intra-as well as interlayer bonding. There are two possibilities for an individual layer. In the first motif, which we refer to as 'pattern II' (Fig. 5) , each carbon is three-coordinate to P (all in the layer) while the P is again hypervalent, being four coordinate with three intralayer bonds to C and one interlayer bond (as in (A)). In the second, the phosphorus is three-coordinate to C (all within the layer) while carbon is four-coordinate with three intra-layer bonds to P and one interlayer bond. We refer to this bonding motif, also shown in Fig. 5 , as 'pattern III'. There is a lone pair of electrons on the P atom. Bilayers can be constructed from two 'pattern II' layers (which we denote 'bilayer 1' and which contain interlayer P-P bonds) or from two 'pattern III' layers ('bilayer 2', containing interlayer C-C bonds), or by combining a 'pattern II' layer with a 'pattern III' ('bilayer 3', containing interlayer P-C bonds). We have considered three possibilities involving AA stacking of bilayers, with interlayer P-P, P-C and C-C bonds, respectively. The resulting optimised periodic structures are shown in Fig. 6 (structures (D), (F) and (H)).
Further structures in this subset are based on the same bonding motifs, pattern II and pattern III (Fig. 5 ) but, in contrast to the bilayer structures, contain three-dimensional networks, in which each layer forms interlayer bonds to both its neighbours. Again three modifications have been investigated. In the first, all individual layers are 'pattern II' and there are P-P bonds between all layers (structure (C)). Secondly, all individual layers can be 'pattern III' with C-C bonds between all layers (structure (G)). In the third modification (structure (E)), every 'pattern II' layer has layers of type 'pattern III' above and below, and all interlayer bonds are P-C. Optimised structures are again shown in Fig. 6 . The calculated energies of all of these structures are close in energy to those of the corresponding bilayer structures. Structures with the same interlayer connectivity (i.e., pairs (C) and (D), (E) and (F), and (G) and (H)) are closest in energy, with the (C) and (D) pair -involving hypervalent P atoms and interlayer P-P bonds -lying at lowest energy. The driving force for this difference in energy ordering appears to be the strain induced by the combination of relatively long P-C and relatively short C᎐ ᎐ C bonds within the layers based on 'pattern II'. In summary, there are several possible structures for PC 3 close in energy, and some are sufficiently close structurally to suggest facile transformation pathways between them. The lowest energy structure (A) for PC 3 thus provides some striking contrasts with those predicted for other stoichiometries.
9,10,17 Like P 4 C 11 , the nearest in composition that we have studied previously, 10 the lowest energy structure is graphitic. Indeed, all compositions richer in carbon than P 4 C 11 investigated thus far are found to have graphitic forms lowest in energy, while those with C : P ratios < 2.75 exhibit sp 3 -network structures. Unlike P 4 C 11 , PC 3 is predicted to be a threedimensional, relatively low-density structure with hypervalent P, sp 2 -hybridised C atoms, and direct interlayer P-P bonds.
For P 4 C 3 , the lowest energy predicted structure is also threedimensional but is diamond-like, of relatively high density, and does not contain P-P bonds. The lowest energy structure for PC is also of relatively low density, but is structurally distinct with C-C bonds between the individual layers of sp 3 -bonded bilayers. Overall, a rich range of structures and phosphorus environments is clearly available for P y C x depending on (local) composition.
There are essentially three types of local phosphorus environment in all of the different structures identified that involve P atoms which are more than two-coordinate. These are shown schematically in Fig. 7 . In the first, phosphorus is three-fold coordinate and a pyramidal geometry is adopted. The CPC bond angle is typically ≈97Њ. Typical P-C bond lengths are ≈1.77 Å. These values reflect the stress-induced mismatch in PC 3 , since the corresponding values in 'diamondlike' pseudo-cubic P 4 C 3 are 104Њ and 1.86 Å, respectively; there is a considerable compression of the P-C bond. P-C bond lengths where the P is two-coordinate (in, for example, the low energy graphitic form of P 4 C 11 ) are ≈1.76 Å. The other two local environments (also shown in Fig. 7 ) both involve hypervalent phosphorus. The P atoms are four-fold coordinate in an approximately tetrahedral arrangement either to three C atoms and one P, or to four carbons. This is similar to that adopted in several P-containing organic molecules such as PhP(PMe 2 ᎐ ᎐ C(SiMe 3 ) 2 ) 2 ], 24 CPC angles in all cases are in the range 109-116Њ, and P-C bond lengths can be significantly shorter (∼1.67 Å) if, by so doing, they reduce the mismatch with the C-C bonds.
In the lowest energy P 3 C structure (A), P-C bond lengths are 1.67-1.77 Å, with the 1.77 Å bonds those that connect P 3 C 3 rings with C 6 rings. The P-P interlayer bond distance is 2.28 Å. The P-C bond lengths in layers based on 'pattern I' are similar, since both (A) and this pattern contain hypervalent Fig. 7 The three local phosphorus environments found in the optimised structures for PC 3 , associated with three-coordinate (pyramidal) (structure (B)), and hypervalent phosphorus atoms (P 2 C 3 tetrahedral unit from structure (A), PC 4 unit from structure (E)). CPC angles associated with the three-coordinate phosphorus are ≈97Њ. CPC and CPP angles associated with the hypervalent P atoms lie in the ranges 109-116 and 106-112Њ, respectively. phosphorus. In layers based on 'pattern II', however, the P-C bonds associated with the pyramidal P atoms are longer and the size mismatch with the C-C bonds is greater, suggesting greater strain in structures based on this motif.
One distinguishing feature between the carbon nitrides and the phosphorus carbides is the polarity of the bonds. Whereas C-N bonds are polarised C δϩ -N δϪ , the direction of polarisation is reversed in the P analogues (P δϩ -C δϪ ), as is clear from the calculated Mulliken populations. The charge polarisation is a function of environment. For example, the Mulliken charge on hypervalent P is more positive than for three-coordinate phosphorus. In structure (E), where every bilayer is constructed from one layer of type 'pattern II' and a second 'pattern III' layer, there is a charge transfer to the 'pattern III' layer from the 'pattern II' layer indicating that the layer with hypervalent P carries a net positive charge. Thus there is a dipole perpendicular to the layers along the c-axis.
We have calculated the band structure for the lowest energy structures for P 4 C 3 , PC and PC 3 . Using GGA, P 4 C 3 is calculated to be metallic, while PC and PC 3 are insulators with direct band gaps of 1.41 and 1.51 eV, respectively. DFT calculations are notorious for underestimating the band gap, so the reported values should be considered as lower limits for the respective band gaps.
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The cohesive energies follow the expected trend: P 4 C 3 < PC < PC 3 . The energy of formation of these three structures has also been estimated, using in addition the calculated energies of elemental carbon (diamond structure) and phosphorus (black phosphorus). The heat of formation of PC 3 is positive (≈2 eV per formula unit) but this should not preclude formation of the proposed structures via a kinetically controlled pathway.
Experimental
Two experimental routes to forming carbon/phosphorus containing thin films have been investigated in Bristol. One has employed capacitively-coupled radio-frequency (RF) plasma deposition from PH 3 /CH 4 gas mixtures.
8,26, 27 Amorphous films with a wide spread of P : C ratios -ranging from 0 to ∼3 -were obtained by appropriate choice of feedstock gas mixing ratio, deposition conditions, etc. Microcombustion analysis confirmed the expected presence of some (∼10%) hydrogen in the deposited material.
Pulsed laser ablation (PLA) provides an attractive alternative route to depositing H-free phosphorus containing diamondlike-carbon (P-DLC) films.
11,17 52 mm-diameter disk targets were prepared from intimately mixed finely powdered samples of graphite and red phosphorus powder using a hydraulic press, and subsequently polished to obtain a smooth, flat surface. Four targets were prepared, containing, respectively, 10, 20, 30 and 50% P by weight (or 4.1, 8.8, 14.2 and 27.9% P in terms of total atom number density). The selected target was mounted on a rotation stage within a stainless steel chamber evacuated to ∼10 Ϫ6 Torr. The output of an ArF (193 nm) excimer laser (Lambda-Physik, Compex 201, 10 Hz repetition rate) was focussed (450 mm f.l. fused silica lens) onto the target; the focal spot size on the target was ∼1 mm 2 , thus yielding incident fluences, F, in the range 4-12 J cm Ϫ2 . The substrate of choice (n-type single crystal (100) Si, or quartz (each ∼1 cm 2 in area)) was mounted so that its front face was perpendicular to the target surface normal and 80 mm from the focal spot, on a purpose-designed holder that was itself positioned immediately in front of a 15 W projector light-bulb heater that enabled deposition at any user-selected substrate temperature T sub ≤ 700 K.
The resulting P-DLC films were analysed by laser Raman spectroscopy (LRS) employing a Renishaw 2000 system and an excitation wavelength of 514.5 nm, XPS (Fisons Instruments VG Escascope, Mg-Kα (1253.6 eV) source, analyser energy resolution of ∼0.9 eV), and scanning electron microscopy (JEOL JSM 5600 LV scanning electron microscope). Spectroscopic ellipsometry was performed on films deposited on Si (J.A. Woollam VASE ellipsometer), at five incident angles between 55 and 75Њ, yielding values for ∆ and Ψ over the spectral range of 200-1000 nm. Film optical constants (n, k) and the thickness were derived using a model of amorphous semiconductor on 0.5 mm thick crystalline Si, with the semiconductor layer described using the Tauc-Lorentz model. 28 All P-DLC films grown in this work were found to have a smooth, apparently featureless surface morphology apart from some randomly dispersed micron size particulates, which we assume to be crystallites that have transported directly from the target following explosive melting of the target surface. The thickness of the deposited P-DLC films was observed to increase with increasing F. For example, in the case of films deposited for 20 min at T sub = 298 K, the thickness was found to increase from ∼30 nm (for F = 4 J cm Ϫ2 ) to ∼50 nm (F = 12 J cm Ϫ2 ). XPS and LRS have proven to be very useful for characterising the deposited P-DLC films.
11,17 XPS shows peaks attributable to P (2s and 2p), C (1s) and O (1s) (from aerial oxidation). Absolute P : C : O ratios could be determined by comparing the respective peak areas, A X , weighted by the appropriate atomic sensitivity factors (i.e. P : C : O = A P (2p)/ 0.39 : A C /0.25 : A O /0.66). Such analyses confirm that the stoichiometry of the deposited P-DLC films was sensitive not just to the P : C ratio in the original target, but also to F and to T sub . In the case of P-DLC films formed by ablating at F = 12 J cm Ϫ2 and deposited at T sub = 298 K, for example, the P content of films grown from the 4.1 at.% P in C target was found to be as high as ∼8.5 at.%, while those grown by PLA of the 27.9 at.% P in C target contained only ∼18 at.% P. Increasing T sub led to a decrease in P content (e.g. falling to ∼1.5 at.% in the case of films grown at F = 12 J cm Ϫ2 from the 4.4 at.% P in C target at T sub = 700 K), as did increasing fluence (e.g. from 25 to 18 at.% P in the case of films grown from the 27.9 at.% P in C target as F was raised from ∼4 to ∼12 J cm Ϫ2 ). Such compositional variations, and the observed decline in film thickness as T sub is raised, hint at the complex variety of factors that can, and do, affect the stoichiometry and structure of films grown by PLD methods.
29, 30 The target surface in the present experiments is an inhomogeneous mixture of finely divided P and C. Pulsed UV excitation results in local heating in the immediate vicinity of the focal spot on the target surface. The peak temperature, and the duration of the high temperature regime, will depend on F. Thus the observed evolution in P : C ratio with F, for example, could be rationalised by assuming preferential ablation of the (more volatile) P component at lower target temperatures, and thus lower F. In the same vein, the observation that films grown by PLA of dilute P in C targets are enriched in P (relative to the target stoichiometry) could reflect the more rapid, and more localised heating of C-rich targets (graphite having a higher extinction coefficient and melting/boiling temperature than phosphorus), and the consequent higher evaporation rate of 'super-heated' P. Such 'super-heating' would be expected to become less important as the P : C ratio increases, as observed. At high P : C ratio and high F the deposited P-DLC films contain a smaller P fraction than the target. The value of F will also affect the amount of material removed per shot, and thus the probability of collision induced material processing in the expanding plume of ejected material, the extent of excitation and ionisation of material in the ablation plume, and the mean kinetic energies of the ablated particles -all of which could affect the composition and the microstructure of the deposited film. T sub , of course, cannot affect the ablation event, but it can affect the surface mobility of particles that impact on the substrate, and the relative propensities of their, for example, accommodating, bonding and/or re-bounding back into the gas phase.
29, 30 The observed decrease in P : C ratio in P-DLC films grown at higher T sub may indicate that P atoms are accommodated less efficiently than C during the film growth process.
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Fig. 8 presents expanded views of the various P 2p and C 1s XPS peaks measured for P-DLC films deposited at T sub = 298 K (panels (a)-(c) and (d)-(f ), respectively). Panel (a) shows the P 2p signal acquired from XPS of a P-DLC film deposited by PLA of a 27.9 at.% P in C target at F ∼ 4 J cm Ϫ2 . Two maxima are clearly evident, centred at ∼130.7 and ∼133.2 eV (indicated by the vertical dashed lines). This splitting, which is considerably larger than the (unresolved) ∼1 eV spin-orbit splitting, can be attributed to, respectively, P-P bonding as in red phosphorus 31 and P sites bonded to O 32 (which we presume to be at, or near to, the film surface). No contribution was identified that could be specifically associated with P-C bonding. This accords with the previously noted 17 lack of any resonance specifically attributable to P-C bonding in the laser Raman spectra of these films but does not, in itself, preclude the possibility that a feature attributable to P atoms bonded to C lies within the observed band envelope. Increasing F to ∼ 12 J cm Ϫ2 (panel (b)) leads to a reduction in the absolute signal intensity, and a reduction in the relative size of the signal associated with P-P bonding. This evolution in peak shape is even more evident when using lower P : C ratio targets. Panel (c) shows the P 2p peak measured from a film grown by PLA of the 4.1 at.% P in C target, at F ∼ 12 J cm Ϫ2 . The peak at lower energy -attributable to P-P bonding -is now the minor feature. All such observations are consistent with the trends in film P content summarised above: the relative intensity of the measured P-O feature will be particularly sensitive to the near surface P content, and should scale less steeply with P content than the P-P feature.
The right hand panels in Fig. 8 show that the detailed shapes of the corresponding C 1s XPS peaks are also sensitive to the deposition conditions. As previously, 33 we can deconvolute these lineshapes (using Voigt functions) to gain a measure of the ratio of sp 3 -to sp 2 -bonded carbon in the P-DLC films. We persist with the assumption that these P-DLC films contain little or no P-C bonding, and model the C 1s peak in terms of contributions from C-sp 2 (centred at 284.4 eV), C-sp 3 (285.2 eV) and C-O bonding (∼286.5 eV) only. The dashed curves in panels (d)-(f ) illustrate such deconvolutions. The results of such deconvolutions are summarised in Fig. 9 : the deduced C-sp 3 fraction in the P-DLC films appears to increase gently with F ( Fig. 9(a) ) -mirroring previously reported behaviour for P-free DLC films, 34 but to decrease with the film P content (Fig. 9(b) ).
35 These trends will be considered later, together with our previous observations that the C-sp 3 fraction in such P-DLC films declines with increasing T sub .
11
Fig . 10 shows several laser Raman spectra, all recorded at an excitation wavelength of 514.5 nm. Panels (a) and (b) cover the wavenumber range 150-1050 cm Ϫ1 , while panels (c)-(f ) all span the 1000-2000 cm Ϫ1 region. Panel (a) illustrates the essential similarity between the laser Raman spectrum of a pure red phosphorus sample and that of a thin film of P deposited, by PLD, on an Si substrate, while (b) compares spectra of a Si substrate with and without P-DLC coatings. The two P-DLC films were deposited at T sub = 298 K, using the 27.9 at.% P in C target with different fluences, F = 12 and 4 J cm Ϫ2 . The broad feature evident in the 320-490 cm Ϫ1 region is similar to that displayed by the pure phosphorus film and serves to confirm the presence of P in the P-DLC film. 36 More noteworthy, however, is the absence of any obvious feature at ∼700 cm Ϫ1 in the spectrum of the P-DLC film. We have computed calculated vibrational frequencies for a range of organic molecules containing sp 3 and sp 2 carbon, and sp 3 and hypervalent phosphorus atoms in the structural units indicated by the calculations on periodic systems. We have also used DFT and linear response theory to calculate phonon frequencies for pseudo-cubic P 4 C 3 at the gamma point. All these calculations 18 indicate P-C stretching frequencies in the range 670-780 cm
Ϫ1
. We have not calculated Raman scattering probabilities, but the lack of any features in this region of the P-DLC film spectrum shown in Fig. 10(b) suggests there is little P-C bonding in the P-DLC films investigated here. Fig. 9 Plots showing the relative areas of the Voigt functions representing C-sp 2 (᭹), C-sp 3 () and C-O bonding ( ) used to fit the C 1s XPS peak measured for P-DLC films grown at T sub = 298 K as a function of (a) F, from the 27.9 at.% P in C target, and (b) at.% P in the film deposited following PLA at F = 12 J cm Ϫ2 .
D a l t o n T r a n s . , 2 0 0 4 , 3 0 8 5 -3 0 9 2 Panels (c)-(f ) in Fig. 10 compare the higher wavenumber region of the laser Raman spectra of P-DLC films, deposited on Si, in vacuum, using the four different P/C targets, an incident fluence, F = 12 J cm Ϫ2 , and T sub = 298 K. Such peak shapes are characteristic of all graphitic/DLC films, and each has been fitted in terms of two independent Gaussian functions (long dashed curves) centred at ∼1580 cm Ϫ1 (i.e. close to the G vibrational mode of graphite, involving an E 2g symmetrical bond stretching motion of pairs of sp 2 carbon atoms) and ∼1350 cm Ϫ1 (i.e. near the D band associated with the breathing mode of six-membered rings). 37 The short dashed line at y ∼ 0 in each panel shows the residuals of the respective fits. Quantities of interest include the maxima, G max and D max (in wavenumbers), and the ratio of the relative intensities of the G and D bands, I(G) and I(D). As Fig. 11(a) shows, G max and D max both decline gently with increasing at.% P in the deposited film and, for any given at.% P, increase with F. The I(D)/I(G) ratios determined for all P-DLC films grown by PLA of C/P containing targets are significantly greater than those for undoped DLC films grown under otherwise equivalent conditions (and analysed at the same Raman excitation wavelength) -for which (I(D)/I(G) is typically ∼0.2, 33 but still much lower than the ratios measured for DLC and doped DLC films grown at high T sub -which can be >1.5. Ϫ1 regions of spectra of pure red phosphorus (solid line), and (offset vertically for clarity) a film deposited, by PLA of red phosphorus, on Si, at T sub = 298 K (short dashed line); (b) shows spectra of the bare Si substrate (dotted line) and of two P-DLC films deposited on Si, at T sub = 298 K, using the 27.9 at.% P in C target with F = 12 J cm Ϫ2 (long dashed line) and F = 4 J cm
Ϫ2
(dotted line), (again offset vertically for clarity); (c)-(f ) show the 1000-2000 cm Ϫ1 region of spectra of P-DLC films deposited on Si, in vacuum, using the four different P/C targets as indicated in the figure, F = 12 J cm Ϫ2 and T sub = 298 K. Each has been fitted using two independent Gaussian functions (long dashed curves) centred at ∼1580 and ∼1350 cm
Ϫ1
. The short dashed line at y ∼ 0 in each of panels (c)-(f ) shows the residuals of the respective fits.
propensity for forming islands of nanocrystalline graphite and, possibly, fullerene-like structures within an (in this case, phosphorus containing) amorphous carbon matrix. Further support for such a view is provided by the deconvolutions of the C 1s XPS peaks summarised in Fig. 8(d) -(f ) which, as Fig. 11(b) shows, reveal a systematic increase in C-sp 2 /C-sp 3 ratio with increasing at.% P in the deposited film (at least for ≤18 at.% P).
Conclusions
This paper presents computational results relating to crystalline phosphorus carbide bulk phases and experimental studies of amorphous C/P containing thin films, with a maximum P content of 27.9 at.%. The ab initio DFT studies of PC 3 suggest that, as for PC, but unlike P 4 C 3 , there exists a set of possible structures all of which lie close in energy. Such a finding may offer some rationale for our failure to discern any evidence for crystalline carbon phosphide or, indeed, even any unequivocal evidence for P-C bonding in films grown on Si substrates following PLA of several different C/P containing targets. Much remains to be done. One key goal is to establish, unambiguously, the presence of P-C bonding in such deposits, and then to try and enhance the crystallinity of the material. Possible strategies include impacting high energy C atoms (such as are produced in PLA of graphite in vacuum) into a phosphorus substrate, ablation of P targets under a carbon containing liquid (inspired by reports of pulsed laser induced formation of nanodiamond at an acetone/graphite interface
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) and/or more traditional high temperature, high pressure (HPHT) synthetic routes. Such experimental progress, in turn, would enable much closer contact between theory and experiment. We anticipate that the exploratory work presented here will encourage further wide ranging experimental and theoretical investigations of binary phosphorus-carbon compounds. 
